Abstract The effective quark interaction in a relativistically covariant constituent quark model based on the Salpeter equation is supplemented by an extra phenomenological flavour dependent force in order to account for some discrepancies mainly in the description of excited negative parity ∆ resonances. Simultaneously an improved description of some other features of the light-flavoured baryon mass spectrum and of some electromagnetic form factors is obtained.
Introduction
The description of the hadronic excitation spectrum remains a major challenge in strong interaction theory. In spite of recent progress in unquenched lattice QCD access to excited states is still very limited [1, 2] . Therefore it seems worthwhile to improve upon constituent quark model descriptions, which in view of the light quark masses (even taken as effective constituent masses) have to be formulated in terms of relativistically covariant equations of motion. About a decade ago we formulated such a quark model for baryons, see [3] [4] [5] on the basis of an instantaneous formulation of the Bethe-Salpeter equation. In this model the quark interactions reflect a string-like description of quark confinement through a confinement potential rising linearly with interquark distances as well as a spin-flavour dependent interaction on the basis of instanton effects, which explains the major spin-dependent splittings in the baryon spectrum.
Such a model description should offer an efficient description of masses (resonance positions), static properties such as magnetic moments, charge radii, electroweak amplitudes (form factors and helicity amplitudes) with only a few model parameters. As such they also offer a framework which can be used to judge in how far certain features could be considered to be exotic. This concerns e.g. phenomenological evidence for states with properties that can not be accounted for in terms of excitations of quark degrees of freedom, as is at the heart of any constituent quark model, but instead requires additional degrees of freedom as e.g. reflected by hadronic interactions. a e-mail: ronniger@hiskp.uni-bonn. de A satisfactory description of the major features in the light-flavoured baryonic mass spectrum could indeed be obtained. These include -the linear Regge trajectories with an universal slope for all flavours including states up to total angular momenta of J = 15 2 and excitation energies up to 3 GeV, see [4, 5] ; -the position of the Roper-resonance and three other positive parity excited nucleon states well below all other states of this kind. These can be largely accounted for by the instanton-induced force, the strength of which was chosen to reproduce the ground state N − ∆ splitting [4, 5] ; -a plethora of electroweak properties which can be explained without introducing any additional parameters, see [6] [7] [8] .
Nevertheless some specific discrepancies remain; most prominent are:
-the conspicuously low position as well as the decay properties of the negative parity Λ 1 2 − (1405) resonance; The calculated mass of this state exceeds the experimental value by more than 100 MeV; -there is experimental evidence [9] for excited negative parity ∆-resonances well below 2 GeV which can not be accounted for by the quark model mentioned above, see fig. 1 , nor by any other constituent quark model we are aware of; -The mass of the positive parity ∆ 3 2 + (1600) resonance, see also fig. 1 , the low value of which with respect to other excited states of this kind can not be traced back to instanton-induced effects, since these are absent for flavour symmetric states. [4] in comparison with experimental data from the Particle Data Group [9] (right side of each column), where lines are the resonance position (mass) with the mass uncertainty represented by a shaded box and the rating of [9] indicated by stars. J and π denote total angular momentum and parity, respectively. Small differences with respect to the results from fig. 3 of [4] are due to the fact that we obtained increased numerical accuracy by diagonalising the resulting Salpeter Hamiltonian in larger model spaces, see section 2.2 for details.
We therefore want to explore whether these deficiencies are inherent to the constituent quark model itself or can be overcome by the introduction of an additional quark interaction which improves upon the issues mentioned above without deteriorating the excellent description of the majority of the other states. In view of the fact that the discrepancies mainly affect the ∆-spectrum, this additional interaction is likely to be flavour dependent. An obvious candidate in this respect would be a single pseudoscalar meson exchange potential as has been used as a basis of an effective spin-flavour dependent quark interaction very successfully by the Graz-group [10] [11] [12] [13] [14] [15] [16] [17] .
In the present paper we shall investigate various implementations of the coordinate (or momentum) dependence of such interactions. The paper is organised as follows: After a brief recapitulation of the ingredients and basic equations of our Bethe-Salpeter model (for more details see [3] ) in section 2, we discuss in section 3 the form and the parameters of the effective quark interactions used in this paper. Section 4 contains the results and a discussion of the baryon mass spectra in comparison to the results obtained before [4, 5] . In section 5 we present some results on ground state form factors before concluding in section 6.
2 Bethe-Salpeter model
Bound state Bethe-Salpeter amplitudes
The basic quantity describing three-quark bound states is the Bethe-Salpeter amplitude χ defined in position space through
where T is the time ordering operator, P represents the bound-state with total 4 momentumP 2 = M 2 of a baryon with mass M , |0 is the physical vacuum and Ψ ai (x i ) denotes single quark-field operators with multi-indices a i in Dirac, colour and flavour space. Because of translational invariance below we shall exclusively use relative Jacobi coordinates p ξ , p η in momentum space. The Fourier transform of the Bethe-Salpeter amplitudes: χP a1a2a3 (p ξ , p η ) are then determined by the homogeneous Bethe-Salpeter equation compactly written as
where K
P represents the irreducible 3-quark-kernel and whereK (2) P is defined bȳ
in terms of the irreducible two-body interaction kernel K (2) (
for each quark pair labeled by the odd-particle index k. Furthermore G 0,P is the free 3-quark fermion propagator defined as
in terms of full single quark propagators S i F .
Model assumptions
In view of the fact that the interaction kernels and the propagators are sums of infinitely many Feynman diagrams, in order to arrive at a tractable model we make the following assumptions, mainly with the goal to stay in close contact with the quite successful non-relativistic constituent quark model: -The full propagators S i F are replaced by Feynman propagators of the free form
tacitly assuming that at least some part of the selfenergy can effectively be subsumed in an effective constituent quark mass m i which then is a parameter of the model. -Obviously this does not account for confinement: This is assumed to be implemented in the form of an instantaneous interaction kernel which in the rest frame of the baryon is described by an unretarded potential V (3) :
Likewise we assume that two-quark interaction kernels in the rest frame of the baryon are described by 2-body potentials V (2) :
Then, with a perturbative elimination of retardation effects, which arise due to the genuine two-body interactions, see [3] for details, one can derive an equation for the (projected) Salpeter amplitude
where
with
Here
are projection operators on positive and negative energy states and P f projects on quark flavour f . Furthermore the quark energy is given by ω(p) = |p| 2 + m 2 and
is the Dirac Hamilton operator. As shown in detail in [3] this equation can be written in the form of an eigenvalue problem
for the projected Salpeter amplitude, where the eigenvalues are the baryon masses M . The Salpeter Hamilton operator is given by
+ corresponding quark interations (23) and (31) , where H 0 denotes the free three-quark Hamilton operator as a sum of the corresponding single particle Dirac Hamilton operators.
The eigenvalue problem of Eq. (13) is solved by numerical diagonalisation in a large but finite basis of oscillator states up to an oscillator quantum number N max . In previous calculations [4, 5] at least N max = 12 was used. All the results in the present paper were obtained with at least N max = 18 , which, although computer time consuming, has the advantage that for all states the independence of the numerical results on the oscillator functions length scale in some scaling window could be warranted and that all could be calculated with a universal value for this length scale. This is a technical advantage when calculating electroweak amplitudes.
Model Interactions
Below we specify the interaction potentials V (3) and V (2) used in Eq. (14) . These include a confinement potential, the instanton induced two-quark interaction as has been used before [4, 5] and the new phenomenological potential inspired by pseudoscalar meson exchange.
Confinement
Confinement is implemented by subjecting the quarks to a potential which rises linearly with interquark distances, supplemented by an appropriate three particle Dirac structure Γ . The potential contains two parameters: the off-set a and the slope b and is assumed to be of the following form in coordinate space
where Γ o and Γ s are suitably chosen Dirac structures. Alternatively we can consider the linear potential to be treated as a two-body kernel as will be used below.
Instanton induced interaction
Instanton effects leads to an effective quark-quark interaction, which for quark pairs in baryons can be written in coordinate space as
where P D S12=0 is a projector on spin-singlet states and P F A (f 1 f 2 ) projects on flavour-antisymmetric quark pairs with flavours f 1 and f 2 . Although the two couplings g nn and g ns are in principle determined by integrals over instanton densities, these are treated as free parameters here. As it stands this is a contact interaction, which for our purpose is regularised by replacing the coordinate space dependence by a Gaussian
The effective range parameter λ is assumed to be flavour independent and enters as an additional parameter.
An additional flavour dependent interaction
The coupling of spin- 
in the case of so-called pseudoscalar coupling and by
for pseudovector coupling. Here ψ represents the quark fields with mass m and φ a the pseudoscalar meson fields with mass µ a where the flavour index a = π ± ,0 , η
The flavour dependence is represented by the usual Gell-Mann matrices λ a , a = 1, . . . , 8 ; λ 0 is proportional to the identity operator in flavour space normalised to Tr((λ 0 ) 2 ) = 2. A standard application of the Feynman rules, see e.g. [18] then leads to the second order scattering-matrix element M (2) given in the CM-system by the expressions
in case of pseudoscalar and pseudovector coupling, respectively. Here the meson propagator is given by
with k µ := p ′ µ − p µ the momentum transfer. In instantaneous approximation we set k 0 = 0. From Eqs. [21, 22] we extract the corresponding potentials in momentum space
for pseudoscalar coupling and
for pseudovector coupling, where k := k |k| . As it stands, the expression for the potential in the instantaneous approximation for pseudoscalar coupling leads, after Fourier transformation, to a local Yukawa potential in configuration space with the usual range given by the mass of the exchanged pseudoscalar meson. For pseudovector coupling the non-relativistic approximation to the Fourier transform leads to the usual spin-spin contact interaction together with the usual tensor force. In the simplest form adopted by the Graz group [10] [11] [12] [14] [15] [16] [17] the latter were ignored, in addition the contact term was regularised by a Gaussian function and the Yukawa terms were regularised to avoid singularities at the origin.
In view of this and the instantaneous approximation we decided to parametrise the new flavour dependent interaction purely phenomenologically as a local potential in configuration space, its simple form given by
where v λ (x) is the Gaussian form given in Eq. 18 . Other Dirac structures, such as γ 5 γ · x ⊗γ 5 γ · x were tried, but were found to be less effective. Results for the meson exchange form of the interaction as given by Eqs. (24, 25) will be briefly discussed in section 6. Table 1 . The list of baryon resonances of which the masses were used to determine the model parameters in a least-squares fit where every resonance was attributed a weight reciprocal to its uncertainty in its position as given in [9] . Nominal masses are given in MeV.
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Model parameters
The resulting baryon mass spectra were obtained by fitting the parameters of the model, viz. the offset a and slope b of the confinement potential, the constituent quark masses m n = m u = m d and m s , the strengths of the instanton induced force, g nn and g ns as well as the strengths of the additional flavour dependent interaction, given by g 8 and g 0 for flavour octet and flavour singlet exchange (thus assuming SU (3) symmetry) to a selection of baryon resonances, see table 1 . The range λ given to the instanton induced force was kept to the value used in [4, 5] and is roughly in accordance with typical instanton sizes. The optimal value for the range of the additional flavour dependent interaction was found to be λ 8 = λ 0 ≈ 0.25 fm and thus turned out to be of rather short range. A comparison of the parameters obtained with the parameters of model A of [4, 5] is given in table 2 . The parameters need some comments: In the original paper [4, 5] the Dirac structures (i.e. the spin dependence) of the confinement potential were taken to be
for the offset and slope, respectively, and were considered to build a 3-body kernel. In the present model including the additional octet and singlet flavour exchange potential into account we obtained the best results with Γ 0 = 1⊗1⊗1 and Γ s = γ 0 ⊗γ 0 and treating the interaction corresponding to the latter term as a 2-body interaction. This of course impedes a direct comparison of the corresponding Table 2 . Model parameters for the current model C in comparison to those of model A of [4, 5] . Some of the parameters have been slightly changed with respect to the original values (listed in brackets) of [4, 5] parameters. Furthermore it was found that the strengths of the instanton induced interaction is roughly tripled when compared to the original values. Note that the additional flavour exchange interaction has the same spinflavour dependence as parts of the former interaction. The flavour singlet exchange could effectively be considered as an other spin dependent part of the confinement potential. Possibly this explains the extraordinary large coupling in this case. In summary it thus must be conceded that the present treatment is phenomenological altogether and that here unfortunately the relation to more fundamental QCD parameters, such as instanton couplings and string tension is lost. Nevertheless with only 10 parameters we consider the present treatment to be effective especially in view of its merits in the improved description of some resonances to be discussed below.
The ∆ and the Ω spectrum
In fig. 2 we compare the results from the present calculation (model C) (right side of each column) with experimental data from the Particle Data Group [9] (central in each column) and with the results from model A of [4] (left side in each column) . The parameters used are listed in table 2 . The spectrum of the ∆ (see fig. 2 
The N spectrum
In fig. 3 we present the results for the nucleon spectrum. As was the case for the ∆ spectrum, comparing to the results from the former model A we indeed obtain an improved description of the position of the first excited state with the same quantum numbers as the ground state, the so called Roper resonance, while at the same time improving also on the position of the first excited negative parity resonances − resonance is still underestimated by more than 100 MeV.
In the following we compare the predictions obtained in model C for nucleon resonances with J ≤ 5 2 and masses larger than 1.8 GeV with new results obtained in the Bonn-Gatchina analyses as reported in [20, 21] : In particular in [20] − , also the new calculation can not account for the low position of the Λ 1 2 − (1405) resonance, which now is 200 MeV below the calculated position. In our opinion this underlines the conclusion, that this state cannot indeed be accounted for in terms of a q 3 excitation alone and that its position is determined by a strong coupling of a "bare" q 3 state to meson-baryon decay channels due to the proximity of theKN -threshold, see also ref. [22] [23] [24] for a description of this state in a chiral unitary approach.
Concerning the Ξ resonances, with respect to model A of [5] mainly the prediction for the excited state Ξ( 
Electromagnetic properties
As has been elaborated in [6] in lowest order the transition current matrix element for an initial baryon state with four-momentumP ′ = M = (M, 0) in its rest frame and a final baryon state with four-momentumP is given by the expression
Here q denotes the momentum transfer, q is the charge operator and
is the vertex function in the rest frame of the baryon with V Λ the projection of the instantaneous interaction kernels onto the subspace of purely positive and purely negative energy components only, see in particular Appendix A of [6] for details. The vertex for a general fourmomentum on the mass shell can be obtained by an appropriate Lorentz-boost. Accordingly, the Sachs form factors are given by
where N,P , λ denotes a nucleon state with four-momentumP and helicity λ. Furthermore Q 2 = −q 2 and j
. Likewise, the axial vector form factor is given by
where again j
A µ the axial current operator, whose matrix elements are given by Eq. (27) after the formal substitutionq → τ + γ 5 . Of course, the normalisations of the form factors is such that the static magnetic moments and the axial coupling are given by
The electric form factors of the nucleon
In fig. 7 and 8 we display the electric proton and neutron form factor, respectively, up to a momentum transfer of Q 2 = 6.0 GeV 2 . The black solid curve is the result of the present model C, the blue dashed curve is the result obtained with the parameters of model A, as in [6] , albeit with a better numerical precision, see the end of Subsection 2.2 .
Although the electric form factor of the proton, see fig. 7 , as calculated with model A in [6] fell too steeply in comparison to experimental data, with the present interaction we find a much improved shape which yields a satisfactory description even up to momentum transfers of 6 GeV 2 . Indeed, in contrast to model A, which mainly failed with respect to the isovector part of the form factor, in the present model C this form factor shows an almost perfect dipole shape with the parametrisation
taken from [25, 26] with M 2 V = 0.71 GeV 2 . The resulting electric neutron form factor, see fig. 8 , has a maximum at approximately the experimental value of Q 2 ≈ 0.4 GeV 2 but underestimates the experimental data from [34] by about the same amount as the earlier calculation overestimated the data. However, the prediction of model C is very similar to the predictions of the Graz group [17] and [72] for the Goldstone-bosonexchange quark models. The corresponding charge radii are given in table 6 . As for the form factor the resulting squared charge radius of the neutron is calculated too small by a factor of two. Also the r.m.s. proton radius is slightly smaller than the experimental value.
In fig. 9 and 10 we display the magnetic proton-and neutron form factor up to a momentum transfer of Q 2 = 6.0 GeV 2 , respectively. Again, the black solid curve is the result of the present model C, the blue dashed curve is the result obtained with the parameters of model A, as in [6] , albeit with a better numerical precision, see the end of Subsection 2.2 .
Whereas in the original calculation (model A of [6] ) the absolute value of these form factors dropped slightly too fast as a function of the momentum transfer, in the present calculation we now find a very good description even at the highest momentum transfers. Only at low momentum transfer the values are too small as is reflected by the rather small values for the various magnetic radii, see table 6 and the too small values of the calculated magnetic moments. Note, however that the ratio µ p /µ n ≈ 1.597 for model C slightly changes (previously µ p /µ n ≈ 1.605 for model A) and is slightly larger than the experimental value µ p /µ n ≈ 1.46 ; all values are remarkably close to the non-relativistic constituent quark model value µ p /µ n = 3 2 . The magnetic moments of flavour octet and decuplet baryons has been calculated accordingly to the method outlined in [8] . The results are compared to experimental values in Table 7 and 8, respectively. As a consequence of the better description of the momentum transfer dependencies in the individual form factors, we now also find an improved description of the momentum transfer dependence of the form factor ratio
, which has been the focus on the discussion whether two-photon amplitudes are relevant for the discrepancy [49] found between recent measurements based on polarisation data (red data points of fig. 11 ) [50] [51] [52] [54] [55] [56] [57] [58] [59] [60] versus the traditional Rosenbluth separation (black data points of fig. 11 ), see e.g. [41, [45] [46] [47] . Whereas in the original model A this ratio fell much too steep, we now find in model C a much better description of this quantity, see fig. 11 for a com- [27] Qattan [28] model A [6] model C Fig. 7 . The electric form factor of the proton divided by the dipole form GD(Q 2 ), Eq. (31). MMD-Data are taken from Mergell et al. [25] , supplemented by data from Christy et al. [27] and Qattan et al. [28] . The solid black line represents the results from the present model C; the dashed blue line those from model A of [6] , albeit recalculated with higher numerical precision. Red data points are taken from polarisation experiments and black ones are obtained by Rosenbluth separation.
parison with various data. Up to Q 2 ≈ 3 GeV 2 we indeed find the observed linear dependence.
Finally, the axial form factor, see fig. 12 , was already very well described in model A of [6] . Although falling slightly less steeply, the present calculation still gives a very satisfactory description of the data also at higher momentum transfers in the same manner as in [73] [74] [75] . As for the magnetic moments the value of the axial coupling constant is too small, but of course much better than the non-relativistic constituent quark model result g A = Fig. 8 . The electric form factor of the neutron. MMD-Data are taken from the compilation of Mergell et al. [25] . The solid black line represents the results from the present model C; the green-and brown-dashed lines corresponds to the Yukawa-like models with pseudoscalar and/or pseudovector coupling, see Eqs. (24) and (25) respectively; the dashed blue line in the result from model A of [6] , albeit recalculated with higher numerical precision. Red data points are taken from polarisation experiments and black ones are obtained by Rosenbluth separation. 
Christy [27] Qattan [28] Bartel [41] Merten A [6] model C Fig. 9 . The magnetic form factor of the proton divided by the dipole form GD(Q 2 ), Eq. (31) and the magnetic moment of the proton µp = 2.793 µN . MMD-Data are taken from the compilation of Mergell et al. [25] . Additionally, polarisation experiments are marked by red. The black marked data points are obtained by Rosenbluth separation.
The axial form factor, presented in fig. 12 , is divided by the axial dipole form
with the parameters M A = 1.014 ± 0.014 GeV and g A = 1.267 taken from Bodek et al. [26] . In summary we find, that the new model C, apart from some improvements in the description of the excitation Table 6 . Static properties of the nucleon. The values in parentheses are as reported in [6] , the values on top of these are obtained within the same model A but with higher numerical accuracy. The columns PS and PV are the results obtained with the additional interaction kernels according to Eqs. (24) and (25) , respectively, see also Section 6 for a brief remark. The static values are extrapolated from a dipole shape-like fit.
Model A PS PV model C exp.
ref. Table 7 . Octet hyperon magnetic moments µ for model A and C calculated as in [8] . spectra at the expense of additional parameters of a phenomenologically introduced flavour dependent interaction does allow for a parameter-free description of electromagnetic ground state properties of a similar overall quality as has been obtained before, with some distinctive improvements on the momentum transfer dependence of various form factors. A discussion of the momentum dependence of helicity amplitudes for the electromagnetic excitation of baryon resonances will be given in a subsequent paper [76] .
Summary and conclusion
In the present paper we have tried to demonstrate that by introducing an additional flavour dependent interaction, 
Anklin [42] Kubon [44] Xu [43] Madey [37] Alarcon [40] model A [6] model C Fig. 10 . The magnetic form factor of the neutron divided by the dipole form GD(Q 2 ), Eq. (31) and the magnetic moment of the neutron µn = −1.913 µN . MMD-Data are taken from the compilation by Mergell et al. [25] and from more recent results from MAMI [42, 44] . Additionally, polarisation experiments are marked by red data points. The black marked ones are obtained by Rosenbluth separation.
parametrised with a Gaussian radial dependence with an universal range and two couplings for flavour octet and flavour singlet exchange, it is possible to improve upon some deficiencies found in a former relativistically covariant constituent quark model treatment of baryonic excitation spectra based on (an instantaneous formulation of) the Bethe-Salpeter equation. These improvements include:
-A better description of excited negative parity states slightly below 2 GeV in the ∆ spectrum; -A better description of the position of the first scalar, isoscalar excitation of the ground state in all light-flavour sectors; -An improved description of the momentum dependence of electromagnetic form factors of ground states without the introduction of any additional parameters. Fig. 11 . The ratio µp G p E /G p M compared to recent JLAB data (see legend). In the insert the low momentum transfer region is enlarged. The solid black line is the present result, the dashed blue line the result in model A . Red data points are taken from polarisation experiments and the black ones are obtained from Rosenbluth separation. It must be conceded that this additional interaction was introduced purely phenomenologically and required a drastic modification of the parametrisation of confinement and the other flavour dependent interaction of the original model, which had a form as inferred from instanton effects. In spite of this, with only 10 parameters in total we still consider this to be an effective description of the multitude of resonances found for baryons made out of light flavoured quarks. Nevertheless, it would have been preferred, if the additional flavour dependent interaction could be related to a genuine physical process, such as light pseudoscalar meson exchange. Indeed, we tried to find parametrisations of confinement and parameters of the instanton induced ∆ N interaction, that could be combined with interaction kernels as given by the expressions in Eq. (24) or (25) . However, for pseudoscalar coupling (PS) of a meson nonet to the quarks, we could find a description of the mass spectra with similar features and of a similar quality as in the present model C only at the expense of introducing flavour SU(3) symmetry breaking and thus introducing more parameters. The latter was also found to be the case for pseudovector coupling (PV) where, moreover, no significant improvement concerning the deficiencies in the spectra mentioned above was found. For the sake of completeness, the nucleon spectrum for PS and PV coupled models from Eqs. (24) and (25) is shown in fig. 13 . Furthermore, with both Ansatze we were not able to reproduce in particular the electric neutron form factor, see fig. 8 and table 6 for some typical results. Accordingly, we dismissed these possibilities and preferred the phenomenological approach of model C discussed in the paper.
A parameter-free calculation of longitudinal and transverse helicity amplitudes for electro-excitation is presently performed and the results will be discussed in a subsequent paper [76] .
